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Abstract 

The invention relates to compositions containing gold and/or silver particles and organic- 
inorganic hybrid materials that contain titanium, whereby these hybrid materials contain Si-H 
groups. The invention also relates to a method for producing these compositions and to their use 
as cs^ysts for selectively oxidizing hydrocarbons. The catalytically active compositions exhibit 
high selectivities and productivities as well as very long catalyst lifetimes without deactivation. 



CA 02393980 2002-06-06 

WO 01/41921 



PCT/EPOO/11781 



-1- 

Catalysts based on organlc/inorgaiiic hvfarid materials which contain noble 
metals and titanium for the selective oridation of hydrocarbons 

The present invention provides conqx)sitions which contain gold and/or silver 
particles and titamum-containing organic/inorganic hybrid materials, wherein these 
hybrid materials contain Si-H groups, a process for their preparation and their use as 
catalysts for the selective oxidation of hydrocaibons. The catalytically active 
compositions exhibit high selectivities and productivities and very long catalyst 
operational lifetimes without deactivating. 

The direct oxidation of ethene to ethene oxide by molecular oxygen is well known 
and is used commercially for the production of ethene oxide in the gas phase. The 
typical catalyst for this application contains metallic or ionic silver, possibly 
modified with various promoters and activators. Most of these cataljrsts contain a 
porous, inert catalyst support with a low surface area such as e.g. alpha-alimiinium 
oxide, on which the silver and promote have been s^plied. A review of the direct 
oxidation of ethene in the presence of supported silver catalysts has been provided 
by Sachtler et al. in Catalysis Reviews: Scimce and Engineering, 23 (1&2), 127-149 
(1981). 

US-A-5 623 090 describes a gas phase direct oxidation of propene to give propene 
oxide with relatively small propene conversions (0.5 - 1 % propme convCTsion, with 
respect to a 10 % propene feed concentration), but with propene oxide selectivities 
of > 90 %, using oxygen as the oxidising agent This is a gold/titanium dioxide 
catalysed gas phase oxidation with molecular oxygen in the presence of hydrogen at 
tempoatures of 40-70^C. The catalyst used is a commercially available crystalline 
titanium dioxide, mainly in Ifae anatase modification (P 25, Degussa; 70 % anatase 
and 30 % rutile), which is coated with nanoscale gold particles using a d^>osition- 
precipitation method* Apart finom the relatively low propene conversions, this 
process has the large disadvantage that the disclosed catalysts deactivate strongly 
widi time. Typical half-life values at atmospheric pressure and SO^C are 30-1 SO 
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minutes. Increasing the tenq)erature and/or the pressure to increase the conversion 
shortens the half-life even more. 



Furthermore^ purely inorganic catalysts, in which gold particles fix>m suitable 
5 soluble gold compounds are appUod by deposition-precipitation to a support 
consisting of dispersed titanium oxide centres on a purely inorganic silicon matrix, 
are also known (WO-98/00415; WO98/00414; EP-Al-0 827 779), WO-98/00415 
and WO-98/00414 stress that all the titanium oxide centres are present in amorphous 
form, Le. that, difiGnently from US-A-5 623 090, no crystalline TiOj phase is 

1 0 present All these catalysts, which are materials obtained by impregnating the purely 
inorganic silicon dioxide sur&ce with titanium precursors in solution and then 
coating with gold by deposition-precipitation and subsequent calcination in an 
atmosphere of air, exhibit relatively low propene conversions and deactivate rapidly 
(typical half-lives are 10-50 hours) and cannot therefore be used in industrial-scale 

IS plant 

WO-98/00413 discloses catalysts in ^^ch gold particles are implied to purely 
inorganic, microporous, crygfallinft lattice silicates widi defined pore structures (e.g. 
TS-1, TS-2, Ti-zeolites such as Ti-beta, Ti-ZSM-48 or titanium-containing, 
20 mesoporoiis molecular sieves such as e.g. Ti-MCM-41 or Ti-HMS). Altfaou^ all 
these purely inorganic gold/silicalite or gold/zeolite catalysts exhibit good 
selectivities during partial oxidation, the conversions of hydrocaibons and in 
particular the catalyst operational lifi^imes are conq>letely inadequate for i^lication 
in the chCTiical industry. 

25 

The methods described for catalyst preparation are at best unsatis&ctory with r^ard 
to catalyst activity and lifetime. Eiiormous reactors are required for industrial 
processes which operate with not voy active catalysts. Low catalyst lifetimes incur 
production downtime during the regeneration phase or demand a redundant, cost- 
30 intensive, production path. Thus there is a need for the development of new catalysts 
which can achieve excellrat selectivities and high activities with industrially 
relevant lifetimes. 
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The use of organicAnorganic hybrid materials as lacquer components is known (e.g. 
EP-Al-743 313). The combination with noble metals and titanium or their use as a 
catalyst is not known. 

5 

Previously-dated application DB 199 18 431.3 describes a supported composition 
containing gold and/or silv^ particles, titanium oxide and a silicon-containing 
support which is characterised in that the composition carries groups chosen fix>m 
siliconalkyl, siliconaryl, fluorine-containing alkyl or fluorine-containing aiyl groups 
10 at the surface, as the result of a subsequent modification step, and also their use as 
catalysts for the direct oxidation of hydrocarbons. Organic/inorganic hybrid 
materials are not disclosed as siqyports. 

Application WO 99/43431 describes catalysts in which gold particles fix>m suitable 
IS soluble gold compounds are i^Iied by deposition-precipitation to a siqsport which 
consists of dispersed titanium oxide centres on a purely inorganic silicon matrix (due 
to solvent imjiregnation with titanium precursors) and is subsequently surface- 
modified with a silylating agmt. Organic/inorganic hybrid materials are not 
disclosed as supports. 

20 

Previously dated application DB 199 20 7S3.4 desoibes a siqyported conqK>sition 
containing gold and/or silver particles and an amorphous titanium/silicon mixed 
oxide characterised in that flie titanium/silicon mixed oxide is prepared by a sol-gel 
process. No compositions wbicb contain Si-H groups are disclosed. 

25 

Previously dated i^lication DE 199 25 926.7 describes noble metal-containing 
Ti/Si mixed oxides as catalysts with organic/inorganic hybrid materials based on 
carbosiloxanes for the direct oxidation of hydrocarbons, and the preparation thereof 
by a sol-gel process. However, no corr^ositions which contain Si-H groups are 
30 disclosed. 
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The present inventioii provides new catal)^ for industrial processes which exhibit 
high activities without deactivating and at the same time possess excellent 
selectivities. 

The invention also develops a process for prq>aring these catalysts. 

The invention also provides a technologically single gas phase process for the 
selective oxidation of hydrocarbons with a gaseous oxidising agent on these 
catalysts which» with high activities, very high selectivities and industrially relevant 
catalyst Ufetimes, leads to high yields and low costs. 

The invention also provides an altmative catalyst for the direct oxidation of 
hydrocarbons. 

The invention also eliminates, at least to some extent, the disadvantages of known 
catalysts. 

These objects are acdiieved by a composition which contains gold and/or silver 
particles on a titanium-containing, organic/inorganic hybrid material, characterised 
in ibat the con^osition contams Si-H groups. 

Qrganic^norganic hybrid materials in the context of tiie invention are organically 
modified glasses which are piefeiably produced in sol-gel processes via hydrolysis 
and condensation reactions of mostly low molecular weight compounds and contain 
temiinal and/or bridging organic groiq>s within the network. 

Organic/inorganic hybrid mat^als with large specific sur&ce areas are prefmed. 
The specific surface area should advantageously be more than 1 mVg, preferably in 
the range 10-700 mVg. 

Furthermore, organic/inorganic hybrid matmals with modified surfaces are 
preferred. Modified sur&ces in the context of the invention means that the 
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proportion of surface silanol groiq)s has been reduced by covalent or cooidinative 
bonding of groups chosen fiiom siliconallQrl, siliconaiyl, fluoiine-containing alkyl 
and/or fluoiine-containing aiyl groups. 

5 The composition according to the invention contains gold and/or silver on the 
organic/inorganic hybrid material as a catalytically active support material. In the 
active catalysts, gold and/or silver are mainly present as the elemwtal particles 
(analysis by X-ray absorption spectroscopy). Small proportions of the gold and/or 
silv^ may also be present in a high^ oxidation state. Judging from TEM images, the 

10 greatest proportion of the gold and/or silver is present on the external and internal 
surfaces of the support material. The gold and/or silver forms clusters on the 
nanometre scale. Gold particles preferably have a diameter in the range 0.3 to 50 nm, 
preferably 0.9 to 15 nm and in particular 0.9 to 10 nm. Silver particles preferably 
have a diameter in the range 0.5 to 100 nm, preferably 0.5 to 40 nm and in particular 

15 0.5 to 20 nm. 

The gold concentration should be in the range 0.001 to 4 wt%, prefmbly 0.001 to 
2 wt% and in particular 0.005 to 1.5 wt.% of gold. 

20 The silver concentration should be in the range 0.005 to 20 wL%, preferably 0.01 to 
15 wt% and in particular 0.02 to 10 wt% of silver. 

For economic reasons, the concentration of noble metal is the Tninimiim amount 
required to provide the highest catalytic activity. 

25 

Production of the noble metal particles on the hybrid materials is not restricted to 
one method. A few exa£Eq>le processes for the generation of gold and/or silver 
particles may be mentioned here, such as d^K)sition-precipitation as described in 
EP-B-0 709 360 on p. 3, line 38 et seq., impregnation in solution, incipi^t wetness, 
30 colloid processes, sputtering, CVD and PVD. It is also possible to integrate 
precursor compounds of the noble metals directly in the sol-gel process. Afbst drying 
and conditioning the noble metal-containing gels, nanoscale gold and/or silv^ 
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particles are also obtained. Incipient wetness is understood to mean the addition of a 
solution containing soluble gold and^or silver compounds to the support material, 
wherein the volume of the solution on the support is less than or equal to the pore 
volxune of the support Thus, the support rCTiains dry on a macroscopic scale. Any 
5 solvent in which the noble metal precursors are soluble may be used as the solvent 
for incipient wetness, such as water, alcohols, ethers, ketones, esters, acetals, 
balogoiated hydrocaxbons, etc. 

Nanoscale gold and/or silver particles are preferably produced by the methods of 
1 0 incipient wetness and solvent impregnation. 

Surprisingly, die generation of nanoscale gold particles fix>m soluble gold 
compounds such as tetrachloroauric acid, e.g. by the incipient wetness method^ can 
also take place in the presence of oligommc or polymeric auxiliary substances such 
15 as polyvinylpyrrolidone, polyvinyl alcohol, polypropyloie glycol, polyacrylic acid, 
etc. or in die presence of complex-forming conq)onents such as cyanides, 
ac^lacetone, ethylacetoacetate, etc. Complex-forming additives such as cyanides, 
e.g. alkali metal or alkaline eaitfa metal cyanides, are preferably used. 

20 Con^sitions according to the invention may advantageously be further activated, 
before and/or after being coated with noble m^al, by tibeimal trealmait at 100- 
1200^C in a variety of atmospheres such as air, nitrogen, hydrogen, carbon 
monoxide or carbon dioxide. Thermal activation at 150-500*C in oxygen or oxygen- 
containing gases such as air or oxygen/hydrogen or oxygeo/rare gas mixtures or 

25 combinations thereof or at 150-1000**C under inert gases such as nitrogen and/or 
hydrogen and/or rare gases or combinations thmof is preferred. The presence of 
carbon monoxide, carbon dioxide and small amoimts of water is oftm advantageous. 
Activation of compositions according to the invCTtion under in^t gases in flxe 
temperature range 200-600**C is particularly preferred. However, it may also be 

30 advantageous to condition si^ort materials according to the invmtion at 
tenipaatures in the range 200-lOOOX, to coat these with noble metal and tihea to 
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repeat flie conditioning process at 200-600**C. Depending on the activation 
temperature chosen, chemical processes alter the structure of compositions 
according to the invention. Thus, aftCT thermal treatment, the compositions may 
contain e.g. siliconoxycarbide units. Thermally activated (conditioned) compositions 
5 according to the invention frequently exhibit a significantly higher catalytic activity 
and extended lifetime when compared with known catalysts. 

Organic^organic hybrid materials in the context of the invention contain between 
0.1 and 20 mol.% of titanimn, preferably betwem 0.8 and 10 moL%, in particular 
10 betwe» 1.0 and 8 moL%, with respect to the sihcon oxide. The titanimn is present 
in oxidic form and is preferably chemically incorporated or bonded homogeneously 
within the organic^organic hybrid materials via Si-O-Ti bonds. Active catalysts of 
this type have only very few Ti-O-Ti domains. 

15 V^tfaout wishing to be held to this, we assume that the titanium in active catalysts is 
bonded to silicon via hetm>siloxane bonds. 

^art from titanium, compositions according to the invention may contain further 
foreign oxides, so-called promoters, from group S in ttie Periodic System according 
20 to lUPAC (1985), such as vanadium, niobium and tantalum, preferably tantalum, 
from group 3, preferably yttiiimi, from groiq) 4, preferably zirconium, fix>m group 8, 
preferably Fe, from group 15, prefmbly antimony, from groi^ 13, preferably 
aluminium, boron, thallium and metals from group 14, preferably germanium. 

25 These promoters are advantageously distributed largely homogeneously, i.e. with 
relatively little domain formation. The incorporated promoters "M" are generally 
dispersed within the organic/inorganic hybrid materials. The chemical composition 
of these matmals can vary over a wide range. The proportion of promoter element is 
in the range 0-10 mol.%, prefwably 0-4 mol.%, with respect to sihcon oxide. 

30 Obviously, several different promoters may also be used. The promoters are 
preferably used in the form of prom ter precursor compoimds which are soluble in 
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the particular solvent, such as promote salts and/or promoter-organic compounds 
and/or promoter-organic-inorganic compoimds. 

These promoters may both increase the catalytic activity of the composition and 
5 increase the operational lifetime of the composition during catalytic oxidation 
reactions of hydrocarbons. 

Compositions according to the invmtion which contain gold and/or silver particles 
and Ti-containing» organic/inorganic hybrid materials vnfh Si-H groups may be 
10 described qiproximately by the following empirical general formula (I) in the dry 
state (the groups formed at the surfiu^e after modification and optionally 
incompletely reacted groiq)s are not taken into account here): 

SiO^*Qrg*H*TiOy*MO.*E (I) 

15 

SiO. r^resents silicon oxide. Org in the formula represoits the non-hydrolysable 
organic constituents formed fiom the organic/inorganic precursors, prefmbly in a 
sol-gel process, H gives the molar proportion of "elemOTt"-H groups in the network, 
wherein "element" differs Scorn caibon, M is a promoter, preferably Ta, Fe, Sb, V, 
20 Nb, Zr, Al, B, n, Y, Ge or combinations thereof E represents gold and/or silver 
(noble metal) and x, y and z stand for the effective numb^ of oxygen atoms required 
to saturate the valencies of the organic/inorganic or purely inorganic elements Si, Ti 
andM. 

25 The composition (T) given above can vary over a wide range. 

The proportion of Org, as mole percentage with respect to silicon oxide, may be 
betwera 0.01 and 200 %. It is preferably between 10 and 2000 %, in particular 
between 30 and 100 %. The molar proportion of Si-H units with respect to silicon 
30 oxide may vary b^we«i 0.01 and 100 moL%. This proportion is prefCTably between 
0.05 and 80 %, in particular between 0.1 and 50 moL%. The proportion of titanium 
oxide with respect to silicon oxide is between 0.1 and 10 moL%, preferably between 
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0.5 and 8.0 %, in particular between 0.5 and 7.0 %. The proportion of MO^ with 
respect to silicon oxide is between 0 and 12 mol.%. The proportion of E with respect 
to the gold- and/or silver-firee composition is between 0.001 and 15 wt.%. In the case 
of gold this proportion is preferably betwem 0.001 and 2 wt.% and for silver it is 
5 preferably between 0.01 and 15 wt.%. 

The objects indicated above are also achieved by a process for preparing 
compositions according to the invention which contain gold and/or silver particles 
and Ti-containing, organic/inorganic hybrid materials with Si-H groups. 

10 

The Ti-containing organic/inorganic hybrid materials with silane hydrogen units are 
prepared by a sol-gel process. This takes place, for example, by mixing suitable, 
mostly low molecular weigiht, conq)ounds in a solvent, wherein the hydrolysis and 
condensation reaction is initiated by adding wat^ and optionally catalysts (e.g. 
15 acids, bases and/or organometallic compounds and/or electrolytes). Basically, 
performing this type of sol-gel process is known to a person skilled in the ait. 

Suitable precursor con^xiunds for silicon, titanium and promoter centres are 
advantageously corresponding, mostly low molecular weight, organic^organic 
20 mixed compounds or a combination of corresponding inorganic and 
organic^norganic mixed corqpounds which are suitable for the sol-gel process. Low 
molecular weight in die context of the invention means monomers or oligomers. 
Polym^c precursor compoimds of silicon, titanium and promoters are also suitable 
if they are sufGciently soluble. 

25 

The sol-gel process is based on the polycond^isation of the hydrolysed, colloidally 
dissolved metal component mixture (sol) with the production of a network (gel). To 
explain this, the following schematic representation, using the example of the 
hydrolysis and condensation of tetraalkoxysilanes to give a purely inorganic 
30 polysiloxane network, is used: 
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RQ acid/bsse acid/bsse ..OSK)^ OSO^ 

RO-^t-OR ♦ RO-^Si-OR ^ ^- sol ^ ^- ••OSiO—SI-O— s£-0S10„ 

RO RO hydrolysis condensation -OSiO OSIOl. 

gel netwoik 



Hydrolysis is achieved by initially introducing the hydrolysable Si and/or Ti precuisor 
in a suitable solvit and then mixing with water and optionally homogenising the 
5 mixture with dissolution aid. Since the hydrolysis of silicon precursor compounds is 
slow und^ normal conditions, catalysts are required in order to make it proceed r£4>idly 
and cort^)letely (J. Livage et al.. Chemistry of Advanced Materials: An Overview; eds: 
Interrante et al., VCH, New York, 1998, p. 389-448). The silanols being produced 
condense with the formation of siloxane compounds. Dissolved polysiloxane networks 

10 are then produced. Branching and cross-linking continue until the polymer is so large 
that the transition to a gel takes place. Initially, the gel consists of a solid polymeric 
network which is permeated with solvent During the subsequent drying stage, the 
network shrinks with loss of the solvent, wherein a xerogel consisting of polysiloxane is 
produced. If the gel is dried under supercritical conditions, the resulting product is then 

15 called an aerogel (A. Baiker et al.. Catal. Rev. Sci. Eng. 1995, 37, 515-556). 

Preferred solvents for flie sol-gel process are alcohols such as tert-butanol, isopropanoU 
butanol, etfaanol, methanol or ketones such as acetone and ethers such as e.g. THF or 
tert-butyl methyl ether. 

20 

Suitable starting materials are all the soluble silicon and titanium compoimds of the 
general formula (H) which are known to a person skilled in the art, which may be used 
as starting materials for the corresponding oxides or hydroxides, 

25 [RJ^COR^J (II). 



wherein 



is chosen fiom silicon and titanium. 
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R and R' are identical or different and are chosen, indq>endCTtly, from the groups 
Ci-C,2-alkyl and C^-Cia aiyl. wherein x = 0, 1, 2, 3 and R' may also be H. 

5 In the case of organically modified silanes, one or more hydrolysable groves have been 
replaced by terminal and/or bridging saturated (e.g. CH3, C2H5, C3H7, ...) R group(s) or 
unsaturated (e.g, C2H3, R group(s). Polyfunctional organosilanes, e.g. silanols and 
alkoxides, may also be used. Silanes, organically modified or not, may also be reacted 
in the presence of dihydric or polyhydric alcohols such as 1,4-butanediol, to give 
10 organically modified polysiloxanes. Bridging R groups (alkylene groups) in Ae context 
of the invention are bridging structures such as chain-shaped, star-shaped (bnmched), 
cage-shaped or ring-shq>ed structural elements. 

The modified silanes used here clearly differ &om the inorganic network producexs 
15 which are conventionally used, such as alkoxysilanes [Si(OR)4] with four hydrolysable 
groups which are used, e.g. to preparo crystalline lattice structures with defined pore 
structures (WO-98/00413; TS 1, TS 2, Ti-MCM 41 and 48). 

In contrast to the catalysts according to the invention, a common feature of all the 
20 previously disclosed catalysts is that the gold particles have been applied to purely 
inorganic si^>port materials, i.e. that ttie solid lattice consists of purely inorganic silicon- 
oxygen and titanium-oxygen units. 

Alkyl is understood to mean all the tominal and/or bridging linear or branched alkyl 
25 groups with 1 to 20 carbon atoms known to a person skilled in the art, such as methyl, 
ethyl, n-propyU i-propyl, n-butyl, i-butyl, t-butyl, n-pentyU i-pratyl, neo-pentyl, hexyl 
and other homologues, which for their part may again be substituted. Suitable 
substituents are halogen, nitro, or also alkyl, hydroxide or alkoxy, as well as cycloalkyl 
or aryl, such as benzoyl, trimethylphenyl, ethylphenyl, chloromethyl, chloroethyl and 
30 nitromethyL Non-polar substituents such as methyl, ethyl, n-propyl, i-propyl, n-butyl, 
i-butyl, t-butyl and b«zoyl are preferably used. High molecular weight and/or 
oligomeric organic^norganic sihcon and titanium precursors are also suitable, such as 
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gamnm-glycidoxypropyltrimethoxysaane, 3,4-epoxycyclohexyl-ethyl-tiimethoxysaane, 
1 -(trieflioxysilyl)-2-(diethoxymethylsilyl)ethane, tiis<gamma-trimethoxypropyl)silicon 
isocyanurate, peralkylated cyclosiloxanes such as hexamethylcyclotiisiloxane, 
octamethyltetrasiloxane or decamethylpentasiloxane. Polyalkyl(aryl)siloxanes such as 
5 polydhnethylsiloxane are also suitable. 

Aryl is understood to be all mononuclear or polynuclear aryl groups with 6 to 12 carbon 
atoms which are known to a person skilled in the art, such as phenyl, naphthyl or 
fluorenyl, which for their part may again be substituted. Suitable substituents here are 
10 halog^ nitro or also alkyl or alkoxy, as well as cycloalkyl or aiyl, such as 
bromophenyl, chlorophenyl, toluyl and nitrophenyL Phenyl, fluorenyl, bromophenyl, 
chlorophenyl, toluyl and nitrophenyl are preferred. 

Examples axe the corresponding alkoxides, soluble salts and organosilicon or 
15 organotitanium compounds. 

Although any salts, such as halide$, nitrates and hydroxides, may be used, the alkoxides, 
e.g, n-butoxide, tert-butoxide, isopiopoxide, n-propoxide, ethoxide or methoxide, of 
these elemmts are preferred. 

20 

Titanium derivatives such as tetraalko3^ titanates, with alkyl groups widi 1 to IScaibon 
atoms such as iso-butyl, tat.-but}4, n-butyl^ i-propyl, prop>4, ethyl, etc., or other organic 
titanium species such as titanyl ac^lacetonate, dicyclopentadienyltitanium dihalides, 
titanium halodialkoxides, titanium halotrialkoxides, are preferably used. In die case of 
25 halogen substituents, chlorine is preferred. Mixed alkoxides of titanium with other 
elements, such as e.g. titanium triisopropoxide tii-n-butyl tin oxide, may also be used. 
The titanium precursor compounds may also be used in the presence of complex- 
forming components such as e.g. acetylacetone or ethylacetoacetate. 

30 The organic/inorganic silicon and titanium precursor compounds may also be used in 
combination with inorganic network-producers such as tetraethoxysilane (SiCOCjHj)^ 
and tetramethoxysilane (SiCOCHs)^ or homologues of these. Instead of monomeric 
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alkoxides» their cond^isation products may also be used. For example, Si(OC2Hs)4 
condCTsates are commercially available. Furthermore, oligomeric or polymeric systems 
such as poly(diettioxysiloxane) may also be used. 

The silicon and titanium compounds mentioned are advantageously used in combination 
with silanes of the general formula (ma) or (IIIb)» 

[R,SiHy(OR04^^)] (ma) 
~ " ■p;;SiI^Hd^ OSb) 
wherein 

R and R' are identical or different and, independently, are chosen fix>m the group C|-C,2- 
alkyl, Cfi-Ci2-aryl, ^ere x = 0, 1, 2, 3 and y = 1, 2, 3 and R* and R may also be 
H. 

The Si-H containing silanes may also be genarated in situ from e.g. halosilanes in tfie 
presmce of reducing agents such as e.g. magnesium hydride. 

Con^K>imds of the general formulae (Ula) and (HTb) may be replaced entirely or partly 
by other silicon precursor coiiqx>unds which contain some Si-H units saA as e.g. 
1,1,33-tetrametfayldisUoxane, l,3,S,7-tetramethylcyclotetnisiloxane» tri-n-hexylsilane, 
tiiphenylsilane. 

Examples of silanes are monoalkoxysilanes (Cj-Cij), dialkoxysilanes (Ci-Cjj), 
trialkoxysilanes (C,.C|2), dialkoxy-monohalosilanes (Cj-Cu), monoalkoxydihalosilanes 
(C,-Ci2), methylhydrocyclosiloxane, trihalosilane, dihalosilane, monohalosilane. 



Ci-Cu trialkoxysilanes are preferred, such as trimethoxysilane, trietfaoxysilane, 
triisopropoxysilane, tripropoxysilane and tributoxysilane. 
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With respect to silicon oxide, the molar conceatration of silane hydrogen in the 
cocondensate (product of the sol-gel process) is preferably in the range 0.01-100 moL%, 
in particular 0.1 -SO moL%. 

5 Suiprisingly, we found that the organic/inorganic hybrid materials with a proportion of 
silane hydrogens are particularly suitable for the application of metals such as gold and 
silver with a high degree of dispersion and improved noble metal/support interaction on 
the external and internal surfaces. Nanoscale metal particles are generated. In contrast, it 
is possible in only an unselective manner to synthesise nanoscale metal particles with a 
10 very narrow particle size distribution on purely inorganic silica or SiOj/TiOj mixed 
oxide surfaces (analogous to WO-98/00415, WO-98/00414, WO-98/00413, EP-Al-0 
827 779), i.e. without any organic modification and in particular without a proportion of 
silane hydrogens. 

IS Suiprisingly, we have found that compositions according to tiie invention, in 
comparison to all hitherto known catalyst S3rstems fi>r the catalytic oxidation of 
unsaturated and saturated hydrocarbons, fi:equently exhibit catalytic activities and 
catalyst lifetimes which are sev^al orders of magnitude higher. 

20 The sequence of working st^s for sol-gel synthesis is not a fixed sequence. Generation 
of the catalysts according to the invoition may be achieved, for example, by the 
simultaneous hydrolysis and/or condensation of Si and Ti precursors, by partial reaction 
of the silicon precursor compounds with corresponding amounts of water or 
water/catalyst and then addition of the corresponding Ti compounds or by simultaneous 

2S reaction of organic/inorganic precursor compounds witii the corresponding Ti and Si 
compounds. 

In a preferred embodiment, the organic/inorganic silicon precursor conq)ound is initially 
introduced in a solvent, a catalyst and excess water, with respect to the theoretically 
30 required amount, are added and the mixture is allowed to hydrolyse, then the Ti 
compoxmd is added, and the silane with finee silane hydrogen imits is added previously, 
simultaneously or later, and more water, optionally with catalyst, is added. After the 
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fonnation of a gel, which may take place after from a few minutes up to a few days, 
depending on the composition, the catalyst, the amount of water and the temperature, 
the gel is immediately, or after an ageing time of up to 30 days or even longer, is dried. 
To fully complete the hydrolysis and condensation reactions, one or more treatments of 
5 the moist and/or already dried gel may optionally be performed using an excess of water 
or water v^>our. Drying in air or under an inert gas preferably takes place betwera SO 
and 2S0''C, in particular between 100 and ISO^'C. 

The hydrophobicity of the organic/inorganic hybrid materials according to the invention 
10 is largely determined by the number and type of terminal and bridging Si-C bonds. 
These have the additional advantage, as compared with oth^ organic bonds, such as e.g. 
Si-O-C bonds, that they are extremely chemically inert, i.e. they are not sensitive to 
hydrolysis and oxidation reactions. 

IS The noble metals may be added in the form of precursor compounds such as salts or 
organic complexes or compounds during the sol-gel process, or else applied after 
preparation of the gel, e.g. by precipitation, impregnation in solution, incipient wetness, 
sputtering, as colloids or by CVD. Surface modification of the composition optionally 
precedes or follows this step. 

20 

Surfitce modification may be performed either before or afto: coating with Ifae noble 
metal. 

Modification in the context of the invention is understood in particular to be the 
2S i^lication of groiq>s diosen fiom siliconalkyl, siliconaryl, fhiorine-containing alkyl or 
fluorine-containing aryl groins to the surftice of the si^ported composition, whmin the 
gmips are present in a form which is coval^tly or coordinately bonded to functional 
groiq>s (e.g. OH groups) on the surface. Howevo:, any other surface treatment is also 
e3q>ressly included vtdtfain the scope of the invmtion. 

30 

Modification may be performed either in the liquid phase or in the gas phase. In the 
liquid phase, modification is preferably p^ormed at temperatures <200^C in slightly 
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polar or non-polar solvents, in the gas phase modification is preferably performed at 
temperatures <500°C. Pretreatment with liquid and/or gaseous water is advantageous in 
a few cases prior to modification. When compositions according to the invention are 
brought into contact with e.g. a silylating agrat at 200 °C in the gas phase, it may be 
beneficial to lower the concentration of the silylating agent using a stream of an inert 
gas. 

Modification is pref^ably performed with organosihcon and/or fluorine-containing 
organosilicon or organic compounds, wherein organosihcon compounds are preferred. 

Suitable organosilicon compounds are any silylating agmts known to a person skilled in 
the art sudi as organic silanes, organic silylamines, organic silylamides and their 
derivatives, organic silazanes, organic siloxanes and oflicr organosilicon compounds 
which may obviously also be used in cQmbination. Qcganosilicon compoimds also 
expressly includes conqpounds of silicon and partly fluorinated or perfluorinated organic 
groups. 

Specific examples of organic silanes are chlorotrimeOiylsilane, dichlorodimetfaylsilane, 
ddorobromodimettiylsilane, nitrotrimetfaylsilane, chlorotrimethylsilane, iodo- 
dimetfaylbutylsilane, chlorodimeOiy^henylsUan^ chlorodimethylsilane, dimethyl-n- 
propylchlorosilane, dimethylisqpropylchlorosilane, t-butyldimetfaylchlorosilane, 
tripropyl-chlorosilane, dimetfayloctylchlorosilane, tnbutylchlorosilane, trihexyl- 
chlorosilane, dimethylethylchlorosilane, dimethyloctadecylchlorosilane, n-butyl- 
dimethylchlorosilane, bromomethyldimethylchlorosilane, chloromethyldimeffayl- 
chlorosilane, 3-chloropropyl-dimethylchlorosilane, dimethoxymefhylchlorosilane, 
methylphenylchlorosUane, tiiethoxy-chlorosilane, dimethylphenylchlorosilane, 
methylphenylvinylchlorosilane, benzyl-dimethylchlorosilane, diphenylchlorosilane, 
diphCTylmethylchlorosilane, diphenylvinyl-chlorosilane, tribCTzylchlorosilane and 
3-cyanopropyldimethylchlorosilane. 

Specific examples of organic silylamines arc N-trimethylsilyldiethylamine, 
pentafluorophenyldimethylsilylamine including N-trimethylsilylimidazoles, N-t-butyl- 



CA 02393980 2002-06-06 



WO 01/41921 PCT/EPOO/11781 

-17- 

dimethylsilylimidazole, N-^iimethylethylsilylimidazole, N-dimethyl-n-propylsilyl- 
imidazoIe» N-dimethylisopiopylsilylimidazole, N-tiimethylsilyldimethylamine, 
N-trimethylsilyl-pyrrole, N-trimethylsilylpynolidine, N-trimethylsilylpiperidine and 
1 -cyanoethyKdiethylamino)dimetfaylsilane. 

5 

Specific examples of organic silylamides and their derivatives are N,0- 
bistrimethylsilyl-acetamide. N,0-bistrimethylsilyltrifluoroacetamide, N- 

trimethylsilylacetamide, N-methyl-N-trimethylsilylacetamide, N-methyl-N- 
trimethylsilyltiifiuoioacetamide, N-mettiyl-N-trimethylsilyllieptafluoiobutyraimde, N- 
10 (t-butyldimethylsilyl)-N-fluoro-acetamide and 
N,0-bis(diethylhydrosilyl)trifiuoioacefamide. 

Specific examples of organic silazanes are hexametfayldisilazane, 
hq>tamethyldisilazane, 1,1,3,3-tetramethyldisiIazane, l,3-bis(chioromethyl)- 
15 tetrametfayldisiiazane, l,3-divinyl-l,13,3.tetram6thyldisila2ane and 1,3-diphenyl- 
tetrametfayldisilazane. 

Exanq>les of other oiganosilicon compounds are N-methoxy-N,0- 
bistrunethyIsilyltrifluoroac^amide» N-metfaoxy-N»0-bi5trim^y!silyl caibamate, N.O- 
20 bistrimethylsilyl sul&mate, trimetfaylsilyltrifluoiometfaane sulfonate and 
bistrimetfaylsilylurea. 

Preferred silylating reagents are hexamethyldisilazane, hexamethyldisiloxane, 
N-methyl-NKtrimethylsilyl)-2A2-trifluoroacetramide (MSTFA) and tximethyl- 
25 chlorosilane. 

Con^sitions according to the invention can be used at temperatures of >20**C, 
preferably at 80 to 240**C, particularly preferably at 120 to 215*C. The gas phase 
ruction is advantageously p^onned at elevated reaction pressxires. Reaction pressures 
30 >1 bar, preferably 2 to 50 bar, arc prefmed. The catalyst loading is between 0.5 and 40 
litres of gas per gram of catalyst and per hour. 
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Surprisingly, we found that compositions according to the invention which contain gold 
and/or silvCT particles and titanium-containing organic/inorganic hybrid materials, 
characterised in that the con^ositions contain Si-H groups, as compared with hitherto 
known catalyst systems for the catalytic oxidation of alkenes and alkanes, exhibit a 
5 catalytic activity which is higher by several orders of magnitude and long catalyst 
lifetimes. 

Therefore, use of the si^orted compositions according to the invention for the 
oxidation of hydrocarbons is another solution to the objects mentioned above and is also 
1 0 another object of the invention. 

The catalysts which are slightly deactivated aft^ months can frequently be regenerated 
again either ttieimally or by washing with suitable solvents, such as e.g. alccdiols, or 
with dilute hydrogen peroxide solutions (e.g. a 3-10 % strength HjOj^iethanol 
IS solution). 

The composition according to the invmtion can basically be used for all hydrocaibons. 
_ The esqpression hydrocarbon is understood to cover unsaturated or saturated 
hydrocaibons such as olefins or alkanes, which may also contain hetonoatoms such as N, 

20 O, P» S or halogens. The organic coiiq>onent being oxidised may be acyclic, 
monocyclic, bicyclic or polycyclic and may be monoolefinic, diolefinic or polyolefinic. 
In the case of organic components with two or more double bonds, the double bonds 
may be conjugated or non-conjugated. Hydrocaibons are preferably oxidised, fiom 
which oxidation products are formed ^^lich have partial pressures which are sufiSciently 

25 low for the product to be constantly removed fiom the catalyst Lhisaturated and 
saturated hydrocaibons with 2 to 20, preferably 2 to 10 carbon atoms, in particular 
ethme, ethane, prpp^e, propane, isobutane, isobutylene, 1-butCTie, 2-butene, cis-2- 
butene, traxis-2-butene, 13'butadiene, pentene, pentane, 1-hexene, hexane, hexadiene, 
cyclohex^e, benzene are preferred. 

30 

The siqyported compositions may be used in any physical form for oxidation reactions, 
e.g. milled powders, spherical particles, pellets, extrudates or granules. 
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A preferred use is the gas phase reaction of oxygen with hydrogen in the presence of 
supported compositions according to the invention. Epoxides are obtained fix>m olefins^ 
ketones from saturated secondary hydrocarbons and alcohols from saturated tertiary 
S hydrocarbons in a selective manner in this way. The catalyst lifetimes extend to a few 
weeks, months or long^, depending on the particular reactants being used. 

The relative molar ratios of hydrocarbon, oxygen, hydrogen and optionally a diluent gas 
can be varied over a wide range. 

10 

The molar amount of the hydrocarbon being used, with respect to the total numbo* of 
moles of hydrocarbon, oxygen, hydrogen and diluent gas, may be varied over a wide 
range. An excess of hydrocaibon with respect to the oxygen used (on a molar basis) is 
preferably used. The hydrocarbon concentration is typically greater than 1 moL% and 
IS less than 95 moL%. Hydrocarbon concentrations in the range from S to 85 mol.%, in 
particular 10 to 80 moL%, are preferably used. 

The oxygen may be used in a wide variety of forms, e.g. molecular oxyg«, air and 
nitrogen oxide. Molecular oxygen is prefmed. The molar proportion of oxygen, with 
20 respect to the total number of moles of hydrocarbon, oxygen, hydrogen and diluent gas, 
may be varied over a wide range. The oxygen is prefmbly used in a molar defidacy 
with respect to the hydrocarbon. Amoimts in the range 1-30 moL%, in particular 
5-25 moL%, of oxygen are prefmbly used« 

25 In the absence of hydrogen, supported compositions according to the invention exhibit 
only very low activity and selectivity. Up to 180**C the productivity in the absence of 
hydrogen is low, at temperatures above 230^C relatively large amounts of carbon 
dioxide are fonned in addition to the partial oxidation products. Any known source of 
hydrogen may be used such as e.g. pure hydrogen, cracker hydrogen, synthesis gas or 

30 hydrogen from the dehydrogCTation of hydrocarbons and alcohols. In another 
embodiment of the invention, hydrogm may also be produced in situ in a downstream 
reactor, e.g. by the dehydrogoiation of propane or isobutane or alcohols such as e.g. 
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isobutanol. The hydrogen may also be introduced into the reaction system as a complex- 
bonded species, e.g. a catalyst/hydrogen complex. The molar proportion of hydrogen, 
with respect to the total number of moles of hydrocarbon, oxygen, hydrogen and diluent 
gas, may be varied over a wide range. Typical hydrogen concentrations are greater than 
5 0. 1 moL%, preferably 2-80 moL%, in particular S-80 mol.%. 

A diluent gas such as nitrogen, helium, argon, methane, carbon dioxide, carbon 
monoxide or similar gases which behave in a largely inert manner may also optionally 
be used with the essentially required reactant gases described above. Mixtures of the 

10 inat componCTts described may also be used. The reason for adding the inert 
component is to transport the heat being released by this exothermic reaction and is 
beneficial fix>m a safety-engineering point of view. If the process according to the 
invention is porfoxmed in the gas phase, gaseous diluent components such as e.g. 
nitrogen, helium, argon, methane and optionally water vapom and carbon dioxide axe 

15 prefmbly used. Although water vapour and carbon dioxide are not completely in^ 
they have a positive efiTect at v^ small concentrations (< 2 vol.%). 

If the reaction in the invention is pofoimed in the liquid phase, an oxidation-stable and 
thermally stable inert liquid is expediraHy selected (e.g. alcohols, polyalcohols, 

20 polye&ers, halogenated hydrocarbons, silicone oils). Siq)ported compositions accoivling 
to the invention are also suitable for the oxidation of hydrocarbons in the liquid phase. 
Either in the presence of organic hydroperoxides (R-OOH), olefins in the liquid phase, 
for instance, are highly selectively reacted to give epoxides on the catalysts described, 
or in the presence of hydrogen peroxide or in the presence of oxyg^ and hydrogen, 

25 olefins in the liquid phase are highly selectively reacted to give epoxides on tiie 
catalysts described. 

We have foimd that the selective oxidation reaction described above has a high catalyst 
structure sensitivity. Given the presence of nanodisperse gold and/or silver particle in 
30 the supported composition, an advantageous increase in productivity to give &e 
selective oxidation product was observed. 
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The properties of the support can advantageously be affected by incorporating oxophilic 
elements other than silicon, such as boron» aluminium, yttrium, tantalum, zirconium or 
titanium. The choice of these heteroatoms is restricted, according to the invention, to 
elonmts with redox-stabie oxidation states. 

5 

The polarity of catalysts according to the invention can be sensitively adjusted, apart 
from the incoq)oration of atomic carbon, also by the incorporation according to the 
invention of Si-H units. The Si-H groups according to the invention and optionally 
present Si-C groups rqiresent an ideal tool for adjusting the external and internal 
10 polarity for the purposes of partial oxidation. 

The spatially close int^lay of gold and/or silver and Ti centres on the 
organic/inorganic support witii Si-H groins opmtes especially efficiently, i.e. excellrat 
^oxidation catalysts are obtained in the presence of o3^gen and hydrogen. 

15 

Compositions according to the invention can be prepared on an industrial scale without 
any process engineering probl^is and in a cost-effective manner. 

The characteristic prc^>erties of the preset invmtion are illustrated in the following 
20 exan:q>les by means of catalyst preparations and catalytic test reactions. 

Obviously, it has to be understood that the invention is not restricted to the exaiiq)les 
which follow. 



25 
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Examples 

Method used to test the catalysts (test method^ 

5 A tubular metal reactor with an internal diameter of 10 mm and a length of 20 cm was 
used and this had been conditioned by means of an oil thennostaL The reactor was 
supplied with a mixture of reactant gases firom foiir mass-flow controllers (hydrocarbon, 
oxygen, hydtog^ nitrogen). For reaction, 500 mg of catalyst were initially introduced 
at 140®C and atmospheric pressure. The reactant gases were metered into the reactor 

10 fiom above. The standard catalyst loading was 3 1 of gas p^ (g cat* h), Propene was 
chosen as an example of a "standard hydrocaifoon**. To perform the oxidation reactions, 
a stream of gas enriched wifli nitrogen, always called the standard gas composition in 
die following, was chosen: / / / CjHej = 14 / 75 / 5 / 6 %. The reaction gases 
were quantitatively analysed using gas chromatography. Gas chromatographic 

1 5 separation of the individual reaction products was achieved using a combined FID/TCD 
method in whidi the gases flowed through three c^iillary columns: 

FID: HP-Ionowax, 0.32 mm internal diamet^, 60 m long, 0.25 [ua thick lay^ 
TCD: the following columns were coimected in series 
20 HP-Plot Q, 0.32 mm intonal diamet^, 30 m long, 20 pm thick lay^ 

HP-Plot molecular sieve 5 A, 0.32 intmial diameter, 30 m long, 12 pm thick layer. 
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Example 1 

This example describes the preparation of a catalyst consisting of a silicon and titanium- 
containing organic/inorganic hybrid material with free silane hydrogen units vviiich has 
5 been coated with gold particles (0.1 wt%) using incipient wetness. With respect to 
silicon, the concentration of non-hydrolysable organic components was 68 moL%, that 
of silane hydrogens was 3 1 % and that of titanium was 4 mol.%. 

1.9 g of a 0.1 N solution of p-tolueaesulfonic acid in water were added to 10.1 g of 
10 methyltrimethoxysilane (74.1 mmol) and IS g of ethanol (AR) and the mixture was 
stirred for 2 hours. Then 1,46 g of tetrabutoxytitanium (4.3 mmol) were added slowly, 
the mixture was stirred for a further 30 minutes, a solution of 5.6 g of trietfaoxysilane 
(34.1 mmol) was added, the mixture was again stirred for 30 minutes, a mixture of 
1.23 g of a 0.1 N solution of p-toluenesulfonic acid in water was added with stiiiing and 
IS the mixture was then allowed to stand. The mixture reached gel-point after about 7 min 
After an ageing time of 24 h, the gel was ground in a mortar and dried under air for 8 
hours at 120'*C. 

S.4 g of sol-gel material were impr^;nated with a solution consisting of S40 mg of a 
20 1 % strength metfaanolic gold solution (HAuOU x 3H2O; Mmk), which had been made 
up to 2.8 g wifli methanol, the macroscopically dry material was dried for 4 h at room 
tenq>erature and then conditioned for 2 h at 400^C under a stream of nitrogen. 

In a test in accordance with the test method, a constant PO selectivity of 95 % was 
25 achieved. The maximum yield of PO of 8 %, which was achieved after 8 h, fell back to 
7.4 % after 10 days. 



30 This example describes the preparation of a catalyst in the same way as described in 
example 1, but the support matmal is sur&ce^modified before coating with gold. 
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For surface modification, 5 g of dried sol-gel material and 5 g of 1,1,1,3,3^- 
hexamethyl-disilazane are initially introduced into 50 g of dry n-hexane under a 
protective gas and heated under reflux with stirring for 2 hours. Then the supernatant 
solution is decanted ofl^ the residue is washed twice widi 100 ml of n-hexane each time, 
5 volatile constituents are removed under vacuum and the product is dried for 4 hours at 
150**C. 

Jn a test in accordance with the test method, a constant PO selectivity of 95 % was 
achieved. The maximum yield of PO of 7.5 %, which was achieved after 13 h, fell back 
10 to 7.2 % after 10 days. 

Example 3 

This example describes the preparation of a catalyst in the same way as described in 
IS example 1, but the noble metal-containing material which had been dried at room 
tenq>erature was conditioned for 2 hours at 400^C under an atmosphere of hydrogen. 

In a test in accordance with the test method, a constant PO selectivity of 95 % was 
achieved. The maximum yield of PO of 8.2 %, which was achieved after 10 h, fell back 
20 to 7.6 % aftCT 10 days. 

Example 4 

This example describes the preparation of a catalyst consisting of a silicon and titanium- 
25 containing organic/inorganic hybrid material with free silane hydrogen units, which has 
been coated with gold particles (0.1 wt%) using indpioit wetness. With respect to 
sihcon, ttie concentration of non-hydrol3^sable organic components is 94 mol.%, that of 
silane hydrogen is 5.5 mol.% and that of titanium is 3.9 mol.%. 



30 



1.9 g of a 0.1 N solution of p-toluenesulfonic acid solution in water were added to 
10.1 g of methyltrimethoxysilane (74.1 mmol) and 15 g of ethanol (AR) and the mixture 
was stirred for 2 hours. Then 0.9 g of tetrapropoxytitaniimi (3.1 mmol) were added 
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slowly, the mixture was stirred for another 30 minutes, a solution of 0.7 g of 
tri^oxysilane (4.3 mmoi) was added, the mixture was stirred again for 30 minutes, a 
mixture of 0.34 g of a 0.1 N solution of p-toluenesulfonic acid in water was added with 
stirring and the mixture was then allowed to stand. The mixture achieved the gel-point 
after about 20 h. After an ageing time of 60 h, the gel was groimd in a mortar and dried 
for 5 hours at 120**C under air. 

2.7 g of sol-gel material were impregnated with a solution consisting of 270 mg of a 
1 % strength methanolic gold solution (HAUCI4 x 3H2O; Merck), which had been made 
up to 1.4 g with methanol, the material was dried for 4 h at room tCTiperature and then 
conditioned for 2 h at 400^C imder an atmosphere of nitrogen. 

In a test in accordance with the test method, a constant PO selectivity of 95 % was 
adiieved. The maximum yield of PO of 7 %, ^ch was achieved after 12 h, fell back to 

6.8 % after 10 days. 

Example S 

This exanq>le desaibes the prq)aration of a catalyst consisting of a silicon and titanium- 
containing organic/inorganic hybrid material with fiee silane hydrogen units, vvldch has 
been coated with gold particles (0.5 wt%) by the deposition-precqpitation method. With 
respect to silicon, the concentration of non-hydrolysable organic conqK>nents is 
68 mol.%, fliat of silane hydrogen is 8.7 moL% and that of titanium is 4 moL%. 

The sol-gel material was prepared in the same way as in example 1 . 

2 g of support were initially introduced into 15 ml of metiianol (Merck, AR), 20 mg of 
HAUCI4 X 3H2O (0.1 mmol; Merdc) dissolved in 5 ml of methanol were added, the pH 
was adjusted to 8 with 0.5 ml of 1 N NajCOj solution, the mixture was stirred for 30 
min, 2 ml of monosodium citrate solution (32.1 g/1; pH = 8) were added, the pH was 
checked again, the mixture was stirred for 60 min, the solids were sqiaxated, washed 3 
times with 20 ml of methanol each time, dried at atmospheric pressure for 10 h at 
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120**C, calcined under air for 5 h at 200**C and then conditioned und^ nitrogen at 
400^C for 2 The gold concentration in the gold/titanium/silicon catalyst was 
0.48 wt.% (LCP analysis). 

In a test in accordance with the test method, a constant PO selectivity of 95 % was 
achieved. The maximum yield of PO of 4.5 %, which was achieved after 5 fell back 
to 2.9 % after 10 days. 

Example 6 

This example describes the preparation of a catalyst in the same way as described in 
exanq)le 1 » but the catalyst siq>port was milled before being coated with noble metal. 

For milling, the titanium-containing dried material was placed in water, milled in a pearl 
mill (AI2O3 pearls with diameters of 0.2-0.4 mm) for 1 h at 1500 ^pm'^ the solvent was 
removed, the powd^ was dried for 4 hours at 120®C at atmospheric pressure and then 
coated with 0.1 wt% of gold as described in example 1. 

In a test in accordance with the test method, a constant PO selectivity of 95 % was 
achieved. The maximum yield of PO of 8.7 %, which was achieved after 5 h, fell back 
to 7.9 % after 10 days. 

This example describes the preparation of a catalyst in the same way as described in 
example 1, but the test in accordance with the test mediod was performed at 4 bar abs. 

In a test in accordance with the test method at 4 bar abs., a constant PO selectivity of 
95 % was achieved. The maximum yield of PO of 10.4 %, which was achieved after 7 h, 
fell back to 9.8 % after 10 days. 
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Example 8 

This example describes the preparation of a catalyst in the same way as described in 
example 1, but 60 min after adding tetrabutoxytitanium, 0.7 g of Ta(OEt)j (1.5 mmol; 
5 Chempur Co., 99.9 %) was added to the homogeneous mixture, the mixture was stirred 
for IS min and then triethoxysilane was added, the mixture was gelled, worked up, 
coated with gold and conditioned in the same way as described in example 1 . 

In a test in accordance witii the test method, a constant PO selectivity of 95 % was 
10 achieved. The maximum yield of PO of 8.1 %, which was achieved after 4 h, fell back 
to 7.6 % after 10 days. 

Example 9 

15 This example describes the preparation of a catalyst in the same way as described in 
example 1 , but a soluble gold/cyanide precursor was used. 

5.4 g of sol-gel matmal were inq>regnated with a solution consisting of 540 mg of a 
1 % strength methanolic gold solution (HAuCl4 x SHjO; Merck) and 2 mg of sodium 
20 cyanide ^iliich had been made up to 2.8 g widi methanol, the material was dried for 4 h 
at room tenq)erature and then conditioned for 2 h at 400*^C under an atmosphere of 
nitcog^ 

In a test in accordance with the test method, a constant PO selectivity of 97 % was 
25 achieved. The maximum yield of PO of 5 %, which was achieved aft^ 8 h, fell back to 
4.9 % after 10 days. 

Example 10 



30 



This example describes the preparation of a catalyst in the same way as described in 
example 1, but polyvinylpyrrolidone had been added to the gold precursor solutioiL 
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5,4 g of sol-gel material were impregnated with a solution consisting of 540 mg of a 1 
% strength methanolic gold solution (HAuCl^ x 3H2O; Merck) and 3 mg of 
polyvinylpyrrolidone which had been made up to 2.8 g with methanol, the material was 
dried for 4 h at room temperature and then conditioned for 2 h at 400**C und^ an 
atmosphere of nitrogen. 

In a test in accordance with the test method, a constant PO selectivity of 94 % was 
achieved. The maximum yield of PO of 3.5 %, which was achieved after 3 h, fell back 
to 2.5 % after 10 days. 

Example 11 

This example describes die pr^aration of a catalyst consisting of a silicon and titanium- 
containing organic/Inorganic hybrid matoial with fiee silane hydrogen units, which has 
been coated with silver particles (1 wt%) using incipimt wetness. WiHi respect to the 
silicon, the concentration of non-hydrolysable organic components is 68 mol.%, that of 
silane hydrogen is 31.5 % and that of titanium is 4 moL%. The catalyst was prepared in 
the same way as described in exanq^le 1. Instead of being coated with gold particles, the 
catalyst support was coated with silver particles. 

5.4 g of sol-gel material were impregnated with a solution consisting of 540 mg of a 
10 % strength aqueous silver solution (AgNOj; Merck), which had been made up to 2.8 
g with methanol, the mat^al was dried for 4 h at room temperature and then 
conditioned for 2 h at 400**C under an atmosphere of nitrogen. 

In a test in accordance with the test method, a constant PO selectivity of 92 % was 
achieved. The maximum yield of PO of 0.5 %, which was achieved after 2 h, fell back 
to 0.4 % after 50 hours. 
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Example 12 

This example describes the preparation of a catalyst in the same way as described in 
example 11, but conditioning the silv^-containing material was performed at 400'*C 
S under an atmosphere of hydrogm. 

In a test in accordance with the test method, a constant PO selectivity of 92 % was 
achieved. The maximum yield of PO of 0.8 %, which was achieved after 2 h, fell back 
to 0.6 % aft^ SO hours. 

10 

Example 13 

Trans-2-butene was used as an imsaturated hydrocarbon instead of propene. A catalyst 
analogous to the one in example 1 was used for the partial oxidation of txan5-2-butme. 

15 

In a test in accordance with the test method, a constant epoxide selectivity of 94 % was 
achieved. The maximimi yield of butylene oxide of 7 %, which was achieved after 6 h, 
fell back to 6.5 % after 10 days. 

20 V.Tam plgld 

Cyclohaene was chosm as an unsaturated hydrocarbon instead of propene. A catalyst 
analogous to the one in example 1 was used for the partial oxidation of cyclohexene. 
Cyclohexene was brought into the gas phase with the aid of an evsporator. 

25 

In a test in accordance with the test method, a constant epoxide selectivity of 94 % was 
achieved. The maximum yield of hexene oxide of 6.5 %, which was achieved after 7 h, 
feU back to 63 % after 10 days. 
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13-butadiene was used as an unsaturated hydrocarbon instead of propene. A catalyst 
analogous to the one in exanqile 1 was used for the partial oxidation of 1,3-butadiene. 

In a test in accordance with the test method, a butene monoxide selectivity of 85 % was 
achieved. The maximum yield of butene monoxide of 2.8 %, which was achieved after 
S h, feUback to 2.3 % after 10 days. 

Example 16 

Propane, a saturated hydiocaibon, was used instead of propoie. A catalyst analogous to 
the one in example 1 was used for the partial oxidation of propane. 

In a test in accordance with the test method, an acetone selectivity of 80 % was 
achieved. The maximum yield of acetone of 1.5 %, which was achieved after 3 h. fell 
back to 1.0 % after 50 hours. 

Example 17; Con:q>arison example in accordance with EP-Ai-827771 

This example describes the preparation of a hydrophilic, piu^ly inoiganic catalyst 
siqiport in the same way as described in EP-A1-82777U this consisting of the oxides of 
silicon and titanium coated with gold particles by deposition-precipitation. The Ti- 
containing inorganic catalyst support is obtained by inq)regnation of pyrogenic purely 
inorganic silica with titanyl acetylacetonate. 

30 g of Aerosil 200 (pyrogenic silicon dioxide, Degussa, 200 mVg) were suspended in 
250 ml of dry methanol, 0.98 g of titanyl acetylacetonate (3.9 mmol, Merck) were added 
and the mixture was stirred for 2 h at room temperature. The suspension was 
concentrated to dryness on a rotary evaporator, the solid was thm dried at 130®C and 
calcined for 3 h at 600^C in a stream of air. 
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0.16 g of tetrachloroauric acid (0.4 mmol, Merck) were dissolved in 500 ml of distilled 
water, the pH was adjusted to 8.8 using a 2 N sodium hydroxide solution and heated to 
TO^'C, 10 g of the titaniumrcontaining silica described above were added and the mixture 
was stirred for 1 h. The solid was filtered off, washed with 30 ml of distilled water, 
dried for 10 h at IZO^'C and calcined in air for 3 h at 400 *»C. According to ICP analysis, 
the catalyst contained 0.45 wt.% of gold. 

In a test in accordance with the test method, with PO selectivities of 92 %, a propene 
conversion of 2.3 mol.% is achieved after 20 min, a propene conversion of 1.5 mol.% is 
10 achieved after 100 min, a propene conversion of 1.0 mol.% is achieved after 4 h and a 
propene conversion of 0.5 mol.% is achieved after 50 h. Catalyst deactivation increased 
still further with increasing time. 

Example 18: Conq>arison CKmnple in accordance with WO 98/00413 

15 

This exan^le describes the preparation of a purely inorganic crystalline titanium 
silicalite catalyst support (TS 1) consisting of the lattice oxides of silicon and titanium 
wfaidi was coated with gold in ttie same way as described in WO 98/00413. The TS 1 
catalyst siq>port 6om the Leuna Co. was obtained by hydrothennal synthesis. The 
20 inorganic Si and Ti lattice silicate had an MFI structure (XRD) and it could be 
demonstrated, by using Raman q)ectroscopy, that the material did not contain any 
crystalline titanium dioxide phases. 

10.04 g of TS 1 (Leuna) wctc suspended in an aqueous tetrachloroauric acid solution 
25 (0.483 g of HAuCl4*3H20 in 50 ml of water) in the same way as described in WO 
98/00413, the pH was adjusted to 7.8 using 2 N Na^COj solution, 1.97 g of magnesium 
nitrate (Mg(N03)2*6H20) were added, the pH was again adjusted to 7.8 usmg 2 N 
NajCOj solution and stirred for 8 h, the solid was filtered ofi; washed 3 times with 150 
ml of H^O each time, dried for 2 h at lOO^'C, heated to 400**C ovct the course of 8 h and 
30 held at 400**C for 5 h. The pisely inorganic catalyst contained 0.95 wL% of gold (ICP). 
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In a test in accordance with the test method, with PO selectivities of 92 %, a piopene 
conversion of 2.5 mol.% is achieved after 20 min, a propene conversion of 1.7 mol.% is 
achieved after 100 min, a propene conversion of 1.6 moL% is achieved after 4 h, a 
propene conversion of 1 .5 % is achieved after 10 h and a propene conversion of 1 .1 % is 
5 achieved after 100 h. Catalyst deactivation increased still fiuth^ with increasing time. 

Examining the catalysts 

The catalysts can advantageously be characterised by xising so-called DRIFTS 
10 spectroscopy. DRIFTS (Diffuse Reflectance Infrared Fourier Transform Spectroscopy) 
is a well-established vibrational spectroscopic method for the stmctural characterisation 
of fimctional groups and adsorbates on solid surfaces. Data on the principle of the 
method and some application examples Aom the heterogeneous catalysis sector are 
given e.g. in the article by Mestl, G., Kndzinger, H.. in the Handbook of Heterogeneous 
15 Catalysis, vol. 2, p. 539 et seq. (VCH, Weinheim 1997) and in the literature cited 
therein. 

To characterise flie catalyst materials according to ttie invention, corresponding sauries 
woe stored for a few hours at 200*'C in a drying cabinet, transfisrred to an inert gas cell 
20 in the hot state and spectrosoopically examined by means of DRIFTS without further 
contact with air (to avoid readsorption of HjO at the surfiu^ of Oie sample). 

Fig, 1 shows flie DRIFT spectrum of a con^osition containing gold particles on a 
titanium-containing, organic/inorganic hybrid material, characterised in that the 
25 composition contains a proportion of silane hydrogens. The ^cample shows a 
composition which had not been subsequoitly surface modified (e.g. with silyladng 
agmts). 

llie bands which are clearly evident at about 3000 cm"* in the spectrum of the 
30 composition are assigned to the hydrocarbon coating (CH3 groups), those at about 
2230 cm'* are assigned to Si-H units. 
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1. A composition containing gold and/or silv^ particles on a titanium-containing 
organic/inorganic hybrid mat^al, characterised in that the composition contains 
Si-H groups. 

2. Compositions according to claim 1, characterised in that the organic/inorganic 
hybrid matoials are organically modified glasses and contain terminal and/or 
bridging organic groups in the netwoik. 

3. A composition according to claim 1 and/or 2, characterised in that the molar 
concentration of Si-H groups, with respect to the silicon oxide content, is in the 
range 0.01 to 100 moL%. 

4. A composition according to one or more of claims 1 to 3, characterised in that 
the organic/inorganic hybrid material contains between 0.1 and 10 mol.%, with 
respect to silicon oxide, of titanium and optionally other foreign oxides, so 
called promoters. 

5. A composition according to one or more of claims 1 to 4, characterised in that it 
contains betwem 0.001 and 4 wt% of gold or between 0.01 and 20 wt% of 
silver or a mixture of gold and silver. 

6. A composition according to one or more of claims 1 to 5, charactmsed in that 
the surface has been modified widi siliconalkyl(aiyl) compoimds. 

7. A process for preparing the composition in accordance with one or more of 
claims 1 to 6, characterised in that the titanium-<x>ntaining organic/inoxganic 
hybrid matoial wifli Si-H groups is prepared by a sol-gel process. 
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8. A process according to claim 7, characterised in that suitable low molecular 
weight compounds are mixed in a solvent and then the hydrolysis and/or 
condensation reaction is initiated by adding water and acid or basic catalysts. 

9. A process according to claim 8, characterised in that one or more oi^anic acids 
are used as the catalyst 

10. A process according to one or more of claims 7 to 9, characterised in that the 
composition is conditioned at temperatures in the range 100 to lOOO^C in an 
intermediate or final step. 

11. A process according to claim 10, charactmsed in that conditioning is performed 
at tempoatures in the range 200 to 600X under an inert gas. 

12. A process according to one or more of claims 7 to 11, characterised in that the 
titanium-containing organic/inorganic hybrid material with Si-H groups is 
treated once or several times with a solution containing soluble gold and/or 
silver compounds before or after the conditioning step. 

13. A process according to claim 12, characterised in that the vohmie of the solution 
on the support is less tfian or equal to the pore volume of the titanium-containing 
oisanic^organic hybrid matmal with Si-H groiq)s. 

14. Use of the composition in accordance with one or more of claims 1 to 6 as a 
catalyst 

15. A process for the selective and partial oxidation of hydrocarbons in the presence 
of molecular oxygen and a reducing agent, characterised in that a composition in 
accordance with one or more of claims 1 to 6 is used as catalyst 

16. A process according to claim 15, characterised in that propme is oxidised to 
propene oxide. 
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